In a model of closed head injury (CHI) in the rat we have shown the activation of phospholipase A2 and the production of eicosanoids after injury: at 15 min, mainly 5-hydroxyeicosatetraenoic acid (5-HETE), and at 24 h, mainly prostaglandin E2. The present study was designed to test whether CHI can also trigger the produc tion of cytokines in the brain. CHI was induced in ether anesthesized rats by a weight-drop device falling over the exposed skull covering the left hemisphere, 1-2 mm lat eral to the midline in the midcoronal plane. In the post traumatic period (1-24 h), the rats were decapitated, cor tical tissue from the injured zone of the contused and contralateral hemispheres was removed and sonicated, and cytokine activity was assessed. Whereas no tumor necrosis factor alpha (TN Fa) activity was found in nor-
mal brain tissue, it was detectable in the contused hemi sphere (�72 ± 50 pg/mg protein) as early as 1 h post-CHI. TNFa levels increased at 2 h, peaked at 4 h, (�609 ± 540 pg/mg protein), and declined thereafter. At parallel inter vals, only low levels of TNFa were detected in the con tralateral hemisphere. In normal brain, interleukin-6 (IL-6) was nondetectable. Following CHI, high levels of IL-6 were present, although their accumulation lagged behind that of TNFa by 2-4 h, peaking at 8 h (62 ± 31 ng/mg protein). We suggest that the rapid production of TNFa and IL-6 following CHI is a local inflammatory response of brain tissue to primary insult. Key Words: Closed head injury-Eicosanoids-Interleukin-6-Tumor necrosis factor alpha.
CNS (Bonta et aI., 1991) . Recent studies in several laboratories have focused on the capacity of brain microglia and astrocytes to produce cytokines at sites of brain injury (Sawada et aI., 1989 , Wood roofe et aI., 1991 . Tumor necrosis factor alpha (TNFa), a potent cytokine implicated in inflamma tion and immunity (Dinarello, 1988) , is produced mainly by activated macrophages (Semenzato, 1990) , although recently Brenner et al. (1993) re ported its presence in cultured astrocytes exposed to mycoplasma. Various studies showed that TNFa, a multifunctional cytokine, plays an impor tant role in mediating the inflammatory response in both injury and repair, and it was identified in mul tiple sclerosis brain (Hofman et aI., 1989) . It acti vates endothelium for leukocyte adherence and pro coagulant processes (Pober and Cotran, 1990 ) and stimulates macrophages, to produce other media tors essential to defense (Hori et aI., 1989) . Inter leukin-6 (IL-6) is another cytokine that plays a cen tral role in host defense mechanisms. It is involved in induction of B-cell differentiation, induction of acute-phase proteins in liver cells, and induction of neural differentiation of PC12 cells (for review see Hirano et al., 1990) . Eosinophils, active inflamma tory cells, were recently shown to produce IL-6 (Hamid et al., 1992) . The capacity of CNS cells to produce this cytokine has been demonstrated (Breder et al., 1988; Spangelo et al., 1990) . Young et al. (1992) reported that patients with severe head injuries had significantly elevated levels of IL-l and IL-6 in ventricular fluid. It was also reported (Mc Clain et al., 1991) that plasma IL-6 proved higher than normal following severe head injury and cor related with the severity of injury.
Investigations by Yamasaki et al. (1992) on the contribution of exogenous IL-l to ischemic brain edema suggest that cytokines may be involved in the pathogenesis of postischemic brain edema. Work on IL-l mRNA expression in a rat stroke model suggested an early role for IL-l in brain in flammation following ischemic insult (Feuerstein et al., 1993) . These findings raise the questions wheth er CHI can also induce cytokine production by the brain and, if so, whether these mediators are in volved in the development of edema and/or neuro nal damage.
As no experimental data are available on mechan ical injury as a trigger for TNFa and IL-6 produc tion in the brain, our model of CHI seemed a prom ising system for exploring this possibility. We in vestigated the time course and spatial distribution of the production of these cytokines/mediators by brain tissue following CHI. The levels of the two cytokines were compared in tissue from the region of the impact and from the contralateral hemi sphere. We report an early, transient, and local re sponse of brain tissue to mechanical trauma. Whereas TN Fa and IL-6 were nondetectable in the normal brain, a sharp but short-lasting rise was de tected in the contused hemisphere. The increment was only minor in the noncontused hemisphere. We suggest that the cellular source for the TNFa and IL-6 is resident brain cells, either neurons or glial cells.
MATERIALS AND METHODS

Induction of CHI
Male Sabra rats (Hebrew University strain) weighing 220-250 g were used in the study. CHI was induced under ether anesthesia (confirmed by testing corneal and pupil lary reflexes), as described by Shapira et al. (1988) . In brief, a well-calibrated weight-drop device was allowed to fall over the exposed skull, covering the left hemisphere 1-2 mm lateral to the midline in the midcoronal plane. After recovering from anesthesia, the rats were returned to their cages and provided with postoperative care and free access to food and water, until killed at specified times (1-24 h after CHI). In sham-operated rats, which served as controls, the skull was exposed under anesthe- Vol. 14, No.4, 1994 sia but trauma was not induced. Each group of cqntrol and experimental rats was decapitated at the same time.
Brain extract
At various intervals between 1 and 24 h after injury, the rats were decapitated, their brains rapidly removed, and cortical segments of -20 mg removed from the cortical region adjacent to the core of impact and, symmetrically, from the contralateral hemisphere. The tissue was soni cated (20 s in a Microson cell disruptor; Heat System, Inc.) in 300 fl.1 of Dulbecco's modified Eagle's medium (DMEM) and 50 fl.1 aliquots were then removed for de termination of protein content, according to Lowry et al. (1951) . The crude extract was centrifuged for 10 min (10,000 rpm; Eppendorf) and the supernatants were col lected and stored at -70°C until assayed for cytokines.
Cytokine assays
Assay for TNFo.. TNFu titer determination. TNFo. titer was determined by cytotoxicity assay. Brain extracts were bioassayed, as described previously (Sher et aI., 1990) , using BALB/c CL.7 cells. Briefly, 4 x 104 CL.7 cells per well (96-microwell plates; Nunc) were plated in 100 fl.1 of DMEM containing 5% fetal calf serum (FCS). The following day, three-fold dilutions of the brain ex tracts were added to the target cells, followed by the im mediate addition of 2 fl.g/ml actinomycin D (AcD; Sigma, St. Louis, MO, U.S.A.). The cultures were incubated for 20 h, stained for 10 min with 2% crystal violet, rinsed with running tap water, and dried. Destruction of the CL.7 monolayer was assessed by measuring the amount of light (at 550 nm) absorbed by the stained cells remaining in the wells, using an MR 700 microplate reader (Dynatech, Farmingdale, NY, USA). The TNFo. titer is expressed as Sso units, defined as the reciprocal of the dilution of the test extracts required to destroy 50% of the target cell monolayer, compared with AcD-treated controls with no test extracts added. In each assay various dilutions of a known concentration of murine recombinant TNFo. (Oen zyme, Cambridge, MA, USA) were also added to the target cells to quantify the SSG, and the data transformed into picograms per milligram of protein. Calculations were carried out using a logit transformation computer program.
TNFu neutralization by anti-TNFu antibodies. Rabbit anti-TNFo. antibodies (7.1 mg/ml at a 1: 100 dilution; a gift from Dr. D. Fraker, Surgery Branch, National Cancer Institute, Bethesda, MD, U.S.A.) were preincubated with brain extracts from control and traumatized rats for 1 h and then assayed as above, to confirm the specificity of the TN F 0. cytotoxicity.
Assay for IL-6. IL-6 was assayed by its effect on an IL-6-dependent B9 plasmocytoma cell line (a gift from Dr. M. Feldman, The Weizmann Institute of Science, Re hovot, Israel). B9 cells (5,000 cells/well) were cultured in 200 fl.1 of RPMI supplemented with 10% FCS, 2 m mer captoethanol L-glutamine, 1 mM sodium pyruvate, non essential amino acids (Beit HaEmek, Israel), 10 mM 4-(2hydroxyethyl)-l-piperazineethanesulfonic acid, penicillin (100 U/ml), streptomycin (100 fl.g/ml), 2-mercaptoxyeth anol (5 x 10 -5 M), and serial dilutions of brain extracts.
After 60 h, the cells were radiolabeled with 0.25 fl.Ci/well of [3Hlthymidine (Nuclear Research Center, Israel) for 16 h, harvested (PHD cell harvester; Cambridge Technol ogy), and counted in a p-scintillation counter. Inhibition of thymidine uptake by an anti-IL-6 monoclonal antibody 6D4 (kindly donated by Dr. Haran-Gerer, The Weizmann Institute, Rehovot, Israel), verified the specificity of the assay. The dilution of brain extract producing half maximal incorporation of radiolabel was compared with a standard solution, calibrated with human recombinant IL-6 (Genzyme).
Statistical analysis
Cytokine levels are expressed as means ± SD. One way-analysis of variance (ANOY A) was performed to compare the cytokine levels in each hemisphere, followed by the Bonferroni test for multiple comparisons.
RESULTS
The time course of TNFa production in cortical tissue taken from the traumatized (left) and the con tralateral (right) hemispheres at 1-24 h after CHI is depicted in Fig. 1 . The levels of TNFa changed significantly during that period (p = 0.001, ANOV A). While no TN Fa was found in the control rats (0 time), 1 h after CHI a measurable amount of the cytokine was present in the left hemisphere. The level increased � IO-fold by 4 h (p < 0.05 vs. sham rats) but declined sharply thereafter, reaching near-zero and zero levels at 12 and 24 h, respec tively. In the contralateral (right) hemisphere, TNFa, which was very low at 1 and 2 h, appeared abruptly at 4 h, its level only 10% of that found in the contused hemisphere. When brain extracts were preincubated with anti-TNF a antibodies prior to TNFa assay, target cell lysis was completely inhib ited, attesting to TN Fa-mediated cytotoxicity. IL-6 levels changed significantly during the post traumatic period in both hemispheres (p < 0.0001 and p = 0.0007 for the left, contused, and right hemispheres respectively; one-way ANOV A). As shown in Fig. 2 , immediately following CHI there were no detectable levels of IL-6 in the traumatized left hemisphere. By 4 h, the concentration had in creased considerably, peaking at 8 h (p < 0.001 vs. sham rats) and declining thereafter, though remain ing at levels significantly higher than zero even at 24 h. In the contralateral hemisphere, a slight rise above background level was detected, which was significantly different from zero only at 8 h (p < 0.05 vs. sham rats). It is interesting to note that there is a 4-h delay between the TN Fa peak and the IL-6 peak in both hemispheres. Anti-IL-6 monoclo nal antibody 6D4 inhibited the thymidine uptake by over 70%, proving the specificity of the assay.
DISCUSSION
The present study demonstrates the production of cytokines, TNFa and IL-6, by brain tissue fol lowing CHI. The enhanced secretion, an early re sponse to the traumatic insult, was localized mainly at the site of insult. One hour after CHI, an increase in TNFa concentrations was detected in brain ex tracts taken from the contused hemisphere; at 4 h IL-6 levels were measurable as well. A massive ac cumulation of TNFa in the next 3 h led to a signif icant lO-fold increase, followed by a sharp decline. The temporal profile of IL-6 lagged 2-4 h behind that of TNFa but followed a similar pattern. In the contralateral hemisphere, where edema had not been documented previously, the elevation of both cytokines was only minor, amounting to no more than � 1 0% of that found in the contused hemi sphere. We demonstrated previously only a slight disruption of the BBB in this hemisphere following CHI, most likely not severe enough to result in measurable edema (Shapira et aI., 1988 (Shapira et aI., , 1993 .
Our results are compatible in part with those of Young et ai. (1992) , who found elevated cytokine levels in the ventricular fluids of brain-injured pa tients for 21 days postinjury. Obviously, any early peaks would be missing in studies of such patients. The findings from our animal experiments comple ment those of Young and his group, by providing measurements of cytokine levels as early as 1 h postinjury. In a study by Woodroofe et al. (1991) , mechanical injury was induced in rat brain by im plantation of a microdialysis probe, and the levels of IL-l and IL-6 were monitored for 7 days. Their results indicate that cytokine was produced by the injured brain tissue, although the time course was different from that in our experiment and peak pro duction (IS-fold increase) was observed at 24-48 h, rather than at 4 h. Those authors suggested that the cytokines originated in infiltrated monocytes and neutrophils, as well as in resident microglia. Since the mechanical injury in our study was more trau matic, the response might be expected to be more severe and to occur earlier than in the study by W oodroofe et ai. (1991) .
Our finding that the spatial and temporal eleva tion of the cytokines was limited to the early hours following injury and confined to the site of injury suggests that the cellular source of these mediators in our experiments was brain cells rather than in vading monocytes. The fact that there is no histo logical evidence for mononuclear infiltration so soon after CHI (Shapira et aI., 1988) supports this notion. It is likely that the astrocytes, as well as the microglia, responded to the primary insult by pro ducing cytokines. Brenner at ai. (1993) have re cently reported that cultured astrocytes can be trig gered by mycoplasma to produce TNFa, with peak production occurring at 4-6 h, similar to that in our experiments. Sharif et ai. (1993) reported that hu man astrocytes produce TNFa, IL-l l3, and IL-6 fol lowing exposure to lipopolysaccharide (LPS). They also noted the quick appearance and rapid decline of TNFa, peaking at 2.5 h. Similar TNFa response profiles to a variety of injuries were reported by Sawada et ai. (1989) and Tracy (1991) . Maxwell et ai. (1992) documented the morphological changes taking place in the choroid plexus of the lateral ven tricle after head acceleration injury. They provided evidence for the recruitment of monocytes follow-ing injury and for their migration into the cO, nnec tive tissue core 3-6 h after injury. We cannot rule out a similar process in our model, although our early detection of TN Fa points to a parenchymal origin for TNFa and IL-6. Yan et ai. (1992) recently reported the expression of mRNA for IL-1 and IL-6 and their receptors in rat brain after injury by mi crodialysis probe. They found that injury induced a rapid and concomitant increase in the expression of IL-1, IL-6, and their receptors and suggested that these were produced by the brain (probably micro glial cells and astrocytes), rather than by recruited inflammatory cells from remote areas, This notion is supported by the experiment of Anderson et ai. (1991) in which the acute inflammatory response to kainic acid neurotoxicity was studied. No neutro phil recruitment was detected and a 2-day lag pre ceded the increase in macrophage-microglial cell number, after local ir\iection of the toxin.
It is interesting to note that the sequence of cy tokine production reported here, namely, the peak level of IL-6 lagging about 4 h after that of TNFa, is similar to the documented cytokine cascade follow ing LPS ir\iection (Abbas et aI., 1991) . The LPS also induces delayed production (>4 h) of prostaglandin E2 (PGE2) by brain tissue. Using the same CHI model, we previously reported enhanced produc tion of PGE2 24 h postinjury (Shohami et aI., 1987) . This eicosanoid usually inhibits the production of TN Fa (Renz et aI., 1988) , and in activated macro phages an autoregulatory circuit, in which late produced PGE2 inhibits the release of TNFa, has been demonstrated (Heidenreich et aI., 1988) .
The temporal relationship between the proinflam matory mediators following CHI may be due to the fact that TN Fa stimulates IL-6 production by var ious cell types and is inhibited by PGE2. Neurons, microglial cells, and astrocytes have the capacity to produce TNFa (Brenner et aI., 1993) , IL-6 (Lieber man et aI., 1989) and PGE2 (Murphy et aI., 1988) . We postulate that the following sequence of events may occur in the CHI model: Mechanical injury triggers resident brain cells to secrete TNFa, which then activates either the same or neighboring cells to produce IL-6. The PGE2 synthesized after a de lay of 24 h inhibits further TNFa secretion.
The role of cytokine mediators in the pathophys iology of brain injury has not yet been fully eluci dated. In this report we shed some light on the time course of their production following CHI and sug gest that the local brain cells play a role in the acute inflammatory response after brain injury. Modula tion of cytokine action, either by inhibiting their synthesis or secretion or by antagonizing their ac tion on receptors, might result in reduced damage following brain injury. A novel therapeutic modality based on our results could prove beneficial in the management of brain injuries.
